Glycogen is a highly branched polymer of glucose, functioning as a blood-glucose buffer. It comprises relatively small b-particles, which may be joined as larger aggregate a-particles. The size distributions from size-exclusion chromatography (SEC, also known as GPC) of liver glycogen from non-diabetic and diabetic mice show that diabetic mice have impaired a-particle formation, shedding new light on diabetes. SEC data also suggest the type of bonding holding b-particles together in a-particles. SEC characterisation of liver glycogen at various time points in a day/night cycle indicates that liver glycogen is initially synthesised as b-particles, and then joined by an unknown process to form a-particles. These a-particles are more resistant to degradation, presumably because of their lower surface area-to-volume ratio. These findings have important implications for new drug targets for diabetes management.
Introduction
Glycogen is a highly branched glucose polymer and is used by a range of organisms to store energy. Glycogen comprises chains of a-(1-4)-linked D-glucose units connected by a-(1-6) branching points, with an average chain length of ,11 glucose units, together with significant but small amounts of various proteins. [1, 2] Liver glycogen acts as a blood-glucose buffer, being synthesised shortly after a meal, and degraded to restore blood glucose after fasting, [1] while muscle glycogen functions as a rapid source of energy. In muscle, where glycogen needs to be degraded quickly to glucose to provide energy, the glycogen is present as small b-particles, 20-30 nm in diameter with molecular weights ,10 6 -10 7 . In the liver, these glycogen molecules form much larger aggregate molecules of broccolilike appearance, termed a-particles (up to 300 nm in diameter with molecular weights reaching above 10 8 ). [3, 4] A transmission electron microscopy (TEM) image of mouse-liver glycogen is given in Fig. 1 .
Type 2 diabetes, a disease associated with poorly controlled blood-glucose levels, is one of the Australian Government's National Health Priority Areas, with the prevalence of this disease in Australia expected to increase from ,7.6 % in 2000 to ,11.4 % in 2025. [5] Developing countries are also undergoing rapid increases in the incidence of type 2 diabetes, [6] 
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with a recent survey showing that the prevalence and rate of increase in China is even greater than those in countries such as Australia and the US. [7] Prevention, mitigation, and treatment are critical problems, which have attracted considerable research resources worldwide; despite this effort, problems associated with type 2 diabetes are increasing because of lifestyle changes. Knowledge of the components that control the initiation and progression of type 2 diabetes is still limited and the elucidation of these factors is an active part of current global research.
This review discusses some technological improvements in the characterisation of glycogen structure, some of the recent advances in our understanding of glycogen structure/ metabolism from glycogen structure-property relations, and the implications the findings have for Type 2 diabetes.
Glycogen Size Characterisation
An important facet of structural characterisation of a branched polymer is its size distribution. While size-exclusion chromatography, SEC (also known as GPC), has been used to characterise the structure of polymers since the 1960s, it has only recently been applied to glycogen. [4, [8] [9] [10] [11] [12] Before the use of this technique, the macromolecular structure of glycogen was generally characterised using TEM [3, 13, 14] (where size histograms have often been employed) and by sucrose density centrifugation. [15] [16] [17] While useful in gaining insight into the nature of glycogen a-and b-particles, there are several limitations as to what can be concluded using these techniques. It is extremely difficult to employ TEM to obtain even semi-quantitative and reliable size distributions of heterogeneous systems such as glycogen; therefore great caution must be exercised when drawing conclusions from this type of data. [18] Sucrose density centrifugation has been useful for comparing qualitative differences between samples: for example if one sample had a higher proportion of 'heavier' particles than another. However, the separation parameter for centrifugation separation is a complex combination of the size, density, and shape of particles, and thus quantitative size distributions are unable to be obtained. [19] However analytical centrifugation can still be a useful tool, although it is of limited use [20] unless in conjunction with other characterisation methods such as SEC. [10] Another technique used for size characterisation of this macromolecule is asymmetric-flow field-flow fractionation (AsFlFFF or AF 4 ). [21, 22] An unanswered question with this technique for glycogen is the quantification of the signal, an issue that has been pointed out with the similar molecule amylopectin. [23] Moreover, this technique has not been tested with glycogen extracted from liver using techniques that have been established to give complete and non-degradative dissolution. [24] This is especially important because glycogen, as noted, contains small but significant amounts of protein (it is strictly a proteoglycan), and all published AF 4 studies have been done on purified glycogen from which the protein is probably absent. While methods to answer these questions are emerging, [25, 26] AF 4 is still in its infancy with regard to application to glycogen and diabetes.
SEC separates molecules solely on a size parameter: their hydrodynamic volumes (V h ) or the corresponding radius
. V h is defined by IUPAC as the 'volume of a hydrodynamically equivalent sphere'. [27] Using a standard (such as pullulan) with known Mark-Houwink(-Sakaruda) parameters, and thus R h , in the SEC eluent being employed, and a differential refractive index (DRI) detector, an SEC weight distribution can be constructed (see Eqn 1) [28] :
Here S DRI is the DRI signal andṼ el (V h ) is the universal calibration curve, allowing the conversion of elution volume into V h . The distribution w(log R h ) is the (relative) weight of molecules in the size increment d(log R h ).
While it has been shown that the universal calibration assumption is valid for a wide variety of molecular architectures, [29] [30] [31] it should be noted that this may not be completely reliable for glycogen; however, all significant conclusions reviewed here are independent of any inaccuracy in the size axis that might arise from any breakdown in the universal calibration assumption. Furthermore, because a complex branched polymer such as glycogen can have molecules of the same molecular size with different branching structures and thus potentially different molecular weights, a molecular weight distribution cannot in principle, not just in practice, be obtained for such molecules, whatever the detector. A detector such as MALLS (multiple-angle laser light scattering) gives a molecular weight average (the weight average M w for MALLS), and thus the distribution M w (R h ), and this enables the data to be presented in the form of w( M w ); however, this is not a molecular weight distribution, because the abscissa is an average, not an actual, molecular weight.
SEC suffers from two potential problems for glycogen. The first is band broadening, whereby diffusion along the column reduces the accuracy of separation. We later discuss a way of reducing this problem. The second is shear scission; however, for highly branched molecules of the size of glycogen, this effect can be minimised with an appropriate flow rate. [32] Technical Improvements in SEC Characterisation of Glycogen While past studies that have obtained size distributions of native glycogen using SEC have employed a dimethyl sulfoxide/ lithium bromide (DMSO/LiBr) eluent, it has recently been shown [33] that aqueous SEC results in significantly improved resolution, with the a-and b-particle peaks being better separated than in DMSO. There have however been several encouraging studies using aqueous SEC to characterise synthetic and commercial glycogen. [9, 11, 34, 35] There are several other advantages to using an aqueous system: water is cheaper, safer, easier to dispose of and more physiologically relevant than DMSO. The universal calibration assumption was used here. Because the focus of the study was on improving the resolution/ separation of glycogen a-and b-particles, any improved accuracy of x-axis values is unimportant. The increased resolution obtained using aqueous SEC can be seen in Fig. 2 .
It should be noted that this a-particle peak is not a result of aggregation, as a variety of concentrations (ranging from 5 to 0.5 mg mL
À1
) have been tested with no obvious change in the distribution. [26] SEC recovery in this type of system is quite high with DMSO as eluent, [36] and is expected to be higher with a water-based eluent because of the lower viscosity.
The improved resolution obtained using aqueous SEC is consistent with a study [37] finding that synthetic branched polysaccharides had better separation using an aqueous system than DMSO/LiBr.
It was shown in this study that the main reason for the differences between the SEC distributions acquired from aqueous and DMSO setups was the superior separation of the aqueous systems for larger molecules (in the a-particle region). It was clear that the largest pullulan standard (2.35 Â 10 6 Da) was approaching the exclusion limits of the DMSO column setups, but not for the aqueous setups. It is important to note that pullulan swells to a larger hydrodynamic size in DMSO/LiBr compared with the aqueous (50 mM NH 4 NO 3 /0.02 % NaN 3 ) solvent, with the largest pullulan standard being ,58 nm compared with ,44 nm, respectively. If glycogen also swells more in DMSO/LiBr, a larger proportion of the distribution will be excluded in these setups, given the same pore sizes in the columns.
While size distributions of liver glycogen using DMSO SEC are qualitatively useful, with the inability to separate aand b-particle peaks, the parameterisation and thus quantitative comparison of these distributions is limited. Two obvious parameters that can be used are the R h at which the peak maximum occurs, as well as the average R h ( R h ) given by Eqn 2 [38] :
While useful, these parameters do not necessarily give a good indication of the relative amount of a-particles in a particular sample. The ideal would be if a theory were to be available giving the size distribution in terms of the rate parameters of the underlying biosynthetic processes, as has been developed for the distribution of chain lengths of amylopectin. [39, 40] That is work for the future, which will be spurred by the availability of more accurate data using the technique reviewed here.
With the increased resolution obtained using aqueous SEC, leading to a separation of these a-and b-particle peaks, the determination of at least six simple empirical parameters is now possible. [26] The first two parameters are the R h values at the b-particle and a-particle peak maxima, b Rh and a Rh , respectively. As with DMSO/LiBr SEC, R h can also be determined (Eqn 2). A parameter that gives a good indication of the proportion of a-particles is the ratio of the a-particle peak height to that of the b-particle peak (a h /b h ), as seen in Fig. 3 . Another parameter, a area , is determined by fitting the a-particle peak with a Gaussian distribution, and then determining the area under the curve (AUC) of this peak in relation to the AUC of the whole distribution, plotted with a conventional log axis (see Fig. 3 , with the estimated a-particle distribution in red). Similarly, b area can be calculated by fitting a Gaussian curve to the b-particle peak (black curve in Fig. 3 ) and dividing the area under the curve (AUC) by the distribution's total AUC. Interestingly there is very little overlap between the two Gaussian curves, leaving an intermediate region in the SEC distribution that is not accounted for by the fittings.
a-Particle Formation
The mechanism that causes liver glycogen to form these large a-particles is still unclear, with a variety of interesting possibilities being suggested. It now seems most likely that the linkage between smaller b-particles to form a-particles is covalent in nature. [15, 41] A possibility that was initially w (log R h )
1.0 Fig. 3 . Parameterisation of distributions by taking the ratio of peak heights and by fitting Gaussian curves to the distribution to separate the a-and b-particle components. Size exclusion chromatography (SEC) weight distributions of pigliver glycogen eluted in DMSO/LiBr (red) and water (50 mM ammonium nitrate and 0.02 % sodium azide, blue). Replotted from data in Sullivan et al. [26] Note that the abscissa is linear, not logarithmic; while SEC elutes approximately logarithmically and distributions are thus normally presented on a logarithmic axis, it is found that a linear axis makes certain glycogen features more apparent.
promising was that disulfide bonding was responsible, after it was found that the precursor for glycogen synthesis was a glucoprotein (glycogenin), [42] and it was shown that large a-particles were rapidly broken down in the presence of 2-mercaptoethanol, which disrupts disulfide bonds. [16, 43] Another study however did not see a decrease in the size of a-particles when treated with this reagent, [13] and it was suggested that the linkage between b-particles are simply a-(1-4) linkages, the predominant glycosidic linkage found in glycogen. It was subsequently suggested [44] that the past studies reporting glycogen breakdown with the addition of 2-mercaptoethanol were actually observing this degradation as a result of acidic environments created by the by-product hydroiodic acid (resulting from the iodoacetamide present in the reaction). We have demonstrated [41] that the past studies did indeed create acidic environments (pH ,1) that degrade a-particles, and that the link holding a-particles together is more susceptible to acid hydrolysis than a- (1-4) linkages. This led us to hypothesise that there is a protein 'glue' holding the particles together by a linkage other than disulfide bonding. While the use of protease did not degrade the a-particles in this study, this may be because of steric hindrance preventing the protease from accessing this hypothesised protein 'glue'.
Implications for Human Health
SEC has been used to compare the glycogen from non-diabetic and diabetic mice. [45] The diabetic, 'db/db', mouse was used as the type 2 diabetic model, which has a point mutation in the leptin receptor gene. [46] These mice become obese and suffer from hyperglycaemia, transient hyperinsulinemia, and hyperglucagonemia. [47, 48] As can be seen in Fig. 4 (the same data as in a previous study [45] but presented on a linear scale to highlight the differences in the a-particle region), db/db mice have narrow glycogen distributions consisting almost entirely of b-particles and some small a-particles. The distributions in healthy mice however are highly varied, with some mice containing mainly b-particles, while others contain populations of large a-particles. For healthy mice, the presence of size distributions with a wide average size is readily ascribed to the fact that these mice were sacrificed at random times after feeding. As seen below, this means a wide variation in average size. As shown below, had the healthy mice all been sacrificed at an appropriate time after the last meal, the size distribution would be dominated by large a-particles. These data are consistent with a previous observation using sucrose density centrifugation that db/db mice contain fewer 'heavy' particles than non-diabetic mice. [17] It has been suggested that a population of many smaller b-particles will be more susceptible to enzymatic degradation than a population consisting of larger a-particles because of the increased exposed chains, with a higher ratio of surface area to volume. [45, 49] This striking difference between non-diabetic and diabetic glycogen has highlighted the importance of understanding glycogen metabolism in terms of structure. A recent study [50] has used SEC to analyse the structure of mouse-liver glycogen at various time points in the feeding cycle, exploiting the natural diurnal rhythm of liver glycogen metabolism in mice. [47, [51] [52] [53] [54] As has been previously reported, [47, 55] liver glycogen was synthesised in the dark hours and subsequently degraded in the hours of light (see Fig. 5 ).
The structural characterisation of glycogen at these various time points revealed several interesting insights. First, when glycogen was at its peak concentration, it consisted almost entirely of smaller b-particles, suggesting glycogen is initially created as separate b-particles which can later combine to form a-particles. This was unexpected, it being anticipated that most a-particles would be present when the amount of glycogen was greatest. However, this unexpected result yielded important new insights. In evolutionary terms this prevalence of small b-particles when glycogen is very high is a strategy optimal for the animal's need to quickly synthesise glycogen after digestion of food. Assuming that the enzymatic kinetics of both synthesis and degradation of b-particles are surface-area controlled (the enzymes are different, but both are much larger than the accessible spaces within a glycogen particle), rapid synthesis would be assisted by the greater surface-to-volume ratio of the smaller molecules. An in vitro study [56] with rabbit-liver glycogen supports this hypothesis, with glycogen phosphorylase having a higher activity for smaller molecules in the direction of glycogen synthesis. In 1971 Geddes [16] also found that Replotted from data in Sullivan et al. [50] glucose tended to be incorporated more into lower-weight material, which is consistent with smaller molecules being synthesised more rapidly. The second major insight resulting from the structural study of glycogen across a diurnal cycle is that towards the end of glycogen degradation, there is a much greater proportion of large a-particles remaining. This is consistent with the hypothesis that a-particles degrade more slowly because of their decreased surface area-to-volume ratio; preliminary in vitro kinetics data [50] and a past kinetics study [15] support this hypothesis. Indeed we have suggested [45] that this is why a-particles are present: to give a slower, more controlled release of glucose back into the blood. It has also been found [57] that glycogen phosphorylase is more associated with lower molecular weight glycogen, again being consistent with the idea of larger molecules being more resistant to degradation because of the surface-to-volume ratio.
The final insight into glycogen metabolism gained from this study is that after 16 h of starvation, the liver glycogen of mice consisted of narrowly distributed, very small b-particles, with an R h of ,12 nm. These started to form while there were still some large a-particles remaining, indicating that their persistence is attributable to the particles being resistant to degradation, as opposed to the degradative enzymes just being switched off. Past studies have noted that glycogen can persist long after starvation, when no high molecular weight material remained, [58, 59] and it has been suggested that perhaps these molecules have a high molecular density, impeding enzymatic access. [16] The synthetic pathway to create these small resistant molecules may have evolved as a more efficient mechanism for glycogen metabolism, with particles not having to be created completely ab initio, which involves the synthesis of the glycogen-initiating protein, glycogenin.
Conclusion
SEC has been shown to be an effective method for characterising the size distributions of glycogen. After finding that diabetic mice have an impaired ability to form as many large glycogen a-particles as healthy mice, it has become important to understand the metabolism of glycogen from a structural perspective. Significant new understanding has been obtained by analysing the size distributions of glycogen at various time points in the day/night cycle of mice. First, glycogen is produced as smaller b-particles that are subsequently connected by an unknown process to form the much larger a-particles. These aparticles are more resistant to enzymatic degradation, supporting the hypothesis that glycogen degradation is at least partially controlled by the surface area-to-volume ratio of the particles. Finally it was shown that after starvation, there are still some small b-particles (,12 nm in size) remaining. The mechanism by which these molecules resist degradation is still unknown, but it is suggested that degradative enzymes may be sterically impeded by densely packed branches.
Using SEC it has also been shown that a-particles are more susceptible to acid hydrolysis than the a-(1-4) and a-(1-6) glycosidic linkages present in glycogen, providing evidence for a 'glue', probably proteinaceous, that binds b-particles together to form a-particles.
It has been recently shown that an aqueous SEC system is capable of achieving significantly better resolution than that of a DMSO setup, with a-and b-particle peaks being separated. SEC weight distributions can now be reduced to at least six simple, meaningful parameters, allowing for quantitative and statistical comparison between distributions.
If glycogen structure is indeed critical for effective glucose buffering, which is lacking in diabetes, several new drug targets that improve the formation of glycogen particles may have pharmaceutical potential in diabetes treatment. By either up-regulating key enzymes responsible for the proposed 'glue' that holds these large particles together or down-regulating any inhibitory enzymes/regulators, it may be possible to increase the average size of glycogen particles, potentially resulting in a slower, more controlled release of glucose back into the blood.
